To address this situation, the ultimate and proximate causes of the decline must be 77 identified. This, in turn, requires a sound understanding of the population structure and 78 its dynamics. For a number of reasons, estimating the structure of pinniped populations 79 is not straightforward (Lonergan, 2014 ; see discussions in Matthiopoulos et al., 2014) . 80
When the population of interest is critically small and in decline minimising disturbance 81 to the population is particularly important, but in addition to aerial surveys, targeted -82 and repeated -land-based surveillance studies are necessary to estimate key 83 demographic parameters such as adult survival rates, age structure, sex ratio and 84 fecundity (Bowen et al., 2003; Mackey et al., 2008) . Some age classes can be identified 85 when observing harbour seals at a distance -for example, very small animals obviously 86 are young and sub-yearlings can be identified by characteristically pale unpatterned 87 pelage (Thompson and Rothery, 1987) . Large mature adults may also be distinguishable F o r P e e r R e v i e w at haulouts, but obtaining a representative sample from the population is difficult and 95 moving from this to estimating the structure of the population is seldom practical. 96 Furthermore, harbour seals can haul out in sex-related groups so haulout groups may 97 not provide an unbiased estimate of sex ratio. Mass mortality events and strandings data 98 can provide information on the sex ratio, age structure and fecundity of affected 99 populations -but with the caveat that these data are likely to be biased towards 100 particular groups of animals (e.g. Härkönen and Heide-Jørgensen, 1990 ; but see also 101 Härkönen et al., 2007) . Relatively unbiased samples may be obtained where animals are 102 part of a subsistence hunt or culled for management purposes but there are no such 103 samples available for harbour seals in the UK. In the absence of direct estimates of 104 these demographic parameters, indirect estimates and information from other similar 105 populations must be adopted. 106
107 Here, available demographic information on the Firth of Tay and Eden estuary and 108 neighbouring harbour seal populations is pooled from across multiple sources to 109 characterize and contextualize decadal trends in abundance within the region, to explore 110 the potential proximate causes of the decline and to extrapolate to future population 111 sizes under various scenarios. Insights gained from this exercise are discussed in 112 relation to the future management and conservation of this population specifically, and 113 of harbour seals in the UK more generally. The results confirm a rapid decline in the 114 number of harbour seals hauled out in the FTEE and demonstrate that, if the problem 115 persists at its present rate, the population will become extinct from this area within 20 116 years. 117 underestimates of the total population size. Thompson and Harwood (1990) counted 141 twice as many seals in Orkney using aerial surveys conducted during the moult period 142 than using boat-based surveys during the breeding/pupping season. 143
144
To investigate trends in the harbour seal counts, a generalized additive model (GAM) 145 (Wood, 2006) , with quasipoisson errors and a log link function, was fitted to the data by 146 maximum likelihood. As the later part of the trajectory appeared to resemble an 147 exponential decay, a similar generalized linear model (GLM) was also fitted, with 148 different exponential rates of population growth up to 2000 and from 2001 onwards. 149
This initital transition point was chosen visually, and its suitability was checked by 150 fitting models with a range of transition dates. Model suitability was assessed by 151 examining residual dispersion and quasi-Akaike Information Criterion values (QAIC 152 Akaike, 1976; Burnham and Anderson, 2002) . 153 154 Additional sources of information existed for this population and were included in the 155 assessment of the population trajectory. In 2010, 2011, and 2012 land-based counts of 156 harbour seal pups were conducted in the FTEE during the June/July breeding/pupping 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 2 ). The pathology of these injuries has 162 been described elsewhere (Bexton et al., 2012) , and the potential causes were discussed 163 in Onoufrinou et al. (2014) and Thompson et al. (2015) . Recent observations of adult 164 male grey seals predating on harbour seals and grey seal pups have demonstrated that 165 the characteristic 'spiral' lesions can be inflicted by another seal (Thompson et al., 166 2015; van Neer et al., 2015) . The number of such harbour seal carcasses reported in the 167 FTEE is likely to underestimate the total number of animals that are killed in this way 168 because the data describe only animals that wash ashore and are reported. Carcasses of 169 animals that are killed far from the shore are unlikely to wash ashore and will be 170 underrepresented in this dataset. As with all marine mammal strandings data, it is 171 extremely difficult to estimate the scale of under-reporting, but it is likely to be large for 172 pinnipeds. Additionally, the relative buoyancy of animals of different sexes or ages is 173 likely to affect the chance of their carcasses being recovered, and variation in this may 174 make the sample unrepresentative. In the absence of more appropriate data, the sex ratio 175 of these mortalities over the years 2008 to 2013 was investigated by fitting binomial 176
GLMs. 177 178

Neighbouring populations 179
There are a few, small, harbour seal groups neighbouring the FTEE population: in the 180 Firth of Forth (~ 50 km to the south) and the Montrose basin (~50 km to the north) that 181 could be potential sources of immigrants or destinations for emigrants ( Figure 1 ). Until 182 recently, far fewer animals were counted in those areas than in the FTEE. However, that 183 difference is less clear now that the FTEE counts have decreased. Four counts are 184 available from the Firth of Forth (Duck and Morris, 2014), but it is difficult to estimate 185 trends from so few data points. Here, it was assumed that the uncertainty in these counts 186 was similar to those from the FTEE. The counts were modelled using a GAM with 187 quasipoisson error distribution and with the same overdispersion as was estimated from 188 the FTEE data (scale = 13.3). GLMs were also fitted to the data collected after 2000, 189 when the FTEE counts began to show a decline. 190 boat-based surveys were doubled (following Thompson and Harwood, 1990) , estimated 230 population growth was still positive (1.8% p.a.; 95% CI 0.9 -2.8). This source of 231 uncertainty does not affect the estimated annual rate of decline since 2000, which was 232 19.9% (95% CI: 16.8 -23.0). This is significantly faster than the estimated annual rate 233 of decline in the harbour seal population around the Orkney Islands and northern 234 Scotland (13% p.a.; 95% CI 10.8 -14.8), another area where there are serious concerns 235 for this species (Lonergan et al., 2013) . Detailed examination of the modelled 236 trajectories showed that some recent counts (2009, 2011, 2013) and GAM predictions 237 lie below the trajectory estimated by the GLM (Figure 2 ), suggesting that the decline of 238 the FTEE population is unlikely to be slowing. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 in these areas will be wholly independent. 279 280
Grey seal population in Firth of Tay and Eden Estuary 281
Fitting a GAM to the counts of grey seals in the FTEE in August showed that there has 282 probably been a slow decline (~1% p.a.) in their numbers over the period since 1990 283 ( Figure 3 ). While this change is not statistically significant (95% CI: -4.3 -+0.9), it 284 clearly shows that, at least in August, there has not been a substantial increase in grey 285 seal numbers in the FTEE. Grey seal pup production has been increasing at around 9% 286 Page 9 of 37 http://mc.manuscriptcentral.com/aqc 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 with the potential to produce the observed decline in harbour seal numbers in the FTEE. 304
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It is unlikely that a single factor is responsible for the dramatic decline in this 305 population, but for the sake of clarity, each is discussed in isolation below. Thompson, 2014) . The FTEE population is 334 therefore declining too rapidly for even a total failure in recruitment to provide a 335 complete explanation, though it could be a contributory factor. If adult female survival 336 is assumed to have been 0.92 before the decline, then a total failure of recruitment 337 would need to have been accompanied by a reduction in adult survival of at least 10% 338 to produce the observed changes. 339
340
The decline could simply be explained by a reduction in overall survival. Lower adult 341 survival would increase the proportion of juveniles in the population, and result in a 342 drop in the ratio of pup numbers to total abundance and an accelerating rate of decline 343 in abundance. A gradual decrease in the proportion of females in the population would 344 have similar effects. The female-bias in the recovered spiral-cut carcasses is difficult to 345 interpret due to incomplete information on the cause of the mortalities and potential 346 detection biases (e.g. due to differences in carcass buoyancy between sexes). However, 347 the low pup to adult ratio found in the population in recent years is consistent with 348 changes in the population structure and a shift towards fewer females than males. The 349 counts and GAM trajectory falling below the predicted values from the GLM in recent 350 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 is likely to occur after 20 years (95% CI, from 1000 replicates: 12 -34 yrs). Figure 5  399 shows the trajectories of 100 replicate simulated populations. The starting population 400 size of 35 animals was chosen on the assumption that more than half of the 50 animals 401 counted in 2013 were female, but that some of those were pups. This starting estimate 402 may be slightly low to account for the proportion of animals missed from the moult 403 count because they were in the water, but the model also neglects the counteracting 404 possibility that extinction occurs as a result of all males dying or that individual deaths 405 are not independent. 406 407
Source of decline eliminated 408
The GLM model fitted to survey counts after 2000 suggested that the 2013 survey was 409 one where a low proportion of animals were hauled out, and that 70 animals could have 410 been expected to be seen, rather than the 50 animals that were actually observed. Using 411 a scaling factor of 1.4 to account for those animals not hauled out during the survey 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ignoring stochastic effects such as elimination of males, the time for abundance to 416 return to 600 can be estimated. Table 3 contains some estimated recovery times based  417 on different population growth rates. The additional years needed for population 418 recovery per year of delay in eliminating the present cause of decline are also presented. 419
420
The population growth rates explored in Table 3 were chosen on the basis of existing 421 empirical information on harbour seal population dynamics within the North Sea region. 422
Twelve percent is the present growth rate for the Wadden Sea harbour seal population 423 (TSEG, 2013) and is often considered to be around the maximum sustainable growth 424 rate for pinniped populations (Härkönen et al., 2002) . This represents the most 425 'optimistic' scenario whereby the cause of the present situation is immediately resolved 426 and the population reaches and maintains a maximum growth rate for at least 16 years. 427
Perhaps more realistic are the projections from growth rates between 3% and 6%. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 need to be reduced by more than half of the total impact for the population to stabilize at 448 its current level, and by more than that to permit it to begin to recover. A growth rate of 449 6% under optimal conditions similar to that observed in The Wash (Thompson et al., Additionally, the method requires many assumptions about patterns of haulout 461 behaviour and defecation and is unlikely to produce an estimate of sex ratio that is truly 462 representative of the population. However, if there is a shortage of females in the 463 recovering population, this would both increase the risk of local extinction because of 464 stochastic variation (i.e. all the females dying) and slow the initial stages of the 465 recovery. Populations starting with more highly skewed sex ratios would initially grow 466 more slowly and it would take longer for their growth rates to recover to more normal 467 values. 468 469
Extinction & recolonization 470
Though capable of long distance movement, harbour seals generally exhibit high site 471
fidelity, generally using haulouts less than ~25 km apart (Thompson et al., 1998; 472 Cunningham et al., 2009; Sharples et al., 2012 ; Cordes and Thompson, 2015) , and there 473 is evidence that genetic diversity increases with distance (Stanley et al., 1996; 474 Goodman, 1998) . Philopatry could thus limit their ability to recover from local 475 extinctions. There is no indication that males and females of this species travel together 476 (Thompson et al., 1998) , therefore the establishment of a population would seem to 477 require multiple colonizing events. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The data available to assess the extent of, and potential mechanisms for, the decline in 506 harbour seal numbers in the Firth of Tay and Eden Estuary are diffuse and often sparse. 507
Nevertheless, analysis of these limited data provides insights into the potential 508 proximate causes for the rapid decline. Furthermore, they provide an avenue to explore 509 possible scenarios for the future of this population and the likely impact of specific 510 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 immediately identified and removed, recovery of the population to the abundance when 520 the SAC was designated is likely to take at least 40 years and that partial removal of the 521 problem would have limited benefits. Thus there are unlikely to be any long-term 522 benefits from introducing or reintroducing additional individuals while the problem 523 persists. 524 525 Globally, harbour seals are classified as a species of 'least concern' on the IUCN Red 526
List; however, the rapid population declines such as the one described here and in 527
Orkney and Shetland (Thompson et al., 2001; Lonergan et al., 2007 Lonergan et al., , 2013 represent 528 significant regional losses of a large and iconic predator. In the FTEE population, a 529 reduction in overall survival must be invoked to account for the rate of decline -but the 530 potential causes of an increase in mortality are various and often inter-linked. 531 532 Substantial declines in food availability or accessibility could increase competition for 533 limited resources between conspecifics, and with grey seals. Harbour seals tagged in the 534 area foraged primarily in an area ~ 25-100 km from the haulout site (Sharples et al., 535 2009 (Sharples et al., 535 , 2012 , but there are few simultaneous telemetry data to assess whether grey seals 536 actively exclude harbour seals from some areas. Given that there is a high degree of 537 dietary overlap between the species and that both use the FTEE to haul out, there is 538 considerable potential for overlap in foraging areas. If inter-specific competition is 539 indeed hastening the demise of the FTEE harbour seal population, the question of any 540 relevant management action remains. However, a reduction in harbour seal condition as 541 a result of increased competition for resources would most likely be manifest in the 542 Page 17 of 37 http://mc.manuscriptcentral.com/aqc 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w population as reduced fecundity and/or pup survival. In addition to natural mortality 543 from predators, this has been proposed as an explanation for the decline of the harbour 544 seal population on Sable Island, Canada (Bowen et al., 2003) . Reduced fecundity and/or 545 pup survival could be a factor in the decline of the FTEE population but neither of these 546 can wholly account for the rapid rate of decline observed A substantial reduction in 547 adult survival must also be invoked. 548
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549
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